Hyperoxia is closely linked with the development of chronic lung disease of prematurity (CLD), but the exact mechanisms whereby hyperoxia alters the lung architecture in the developing lung remain largely unknown. We developed a fetal human lung organ culture model to investigate (a) the morphologic changes induced by hyperoxia and (b) whether hyperoxia resulted in differential cellular responses in the epithelium and interstitium. The effects of hyperoxia on lung morphometry were analyzed using computer-assisted image analysis. The lung architecture remained largely unchanged in normoxia lasting as long as 4 d. In contrast, hyperoxic culture of pseudoglandular fetal lungs resulted in significant dilatation of airways, thinning of the epithelium, and regression of the interstitium including the pulmonary vasculature. Although there were no significant differences in Ki67 between normoxic and hyperoxic lungs, activated caspase-3 was significantly increased in interstitial cells, but not epithelial cells, under hyperoxic conditions. These changes show that exposure of pseudoglandular lungs to hyperoxia modulates the lung architecture to resemble saccular lungs. 
T he clinical spectrum of CLD varies from children with oxygen dependency with poorly reversible airway disease to those with a mild degree of hypoxemia in air but who develop wheezing with respiratory tract infections (1) . Functional abnormalities associated with CLD are secondary to abnormal postnatal alveolar development (2, 3) , possibly mediated via pulmonary inflammation (4 -6) . Thus, understanding the pathophysiologic mechanisms leading to abnormal alveolar development in developing preterm lungs has important therapeutic implications.
CLD is closely linked with oxygen dependency and with dysregulated lung growth (7) . The mechanisms whereby oxygen results in abnormal lung growth remain to be defined. Human studies, animal models of CLD, and cell culture systems have shown that the effects of hyperoxia on developing lungs are partly mediated by increased generation of reactive oxygen species (ROS) (8, 9) and that hyperoxia has a differential action on pulmonary cell growth. Depending largely on ontogeny, some cell types proliferate, whereas others undergo mitotic arrest or die in response to oxidative stress (10, 11) . Thus, hyperoxia may alter pulmonary development and structure by differentially modulating the fate of pulmonary cells.
Normal lung growth is regulated at a number of levels. Factors such as epithelium-mesenchyme interactions coordinate and regulate lung development by modulating the proliferation, differentiation, or apoptosis of pulmonary cells (12) (13) (14) . Thus, given the effects of oxygen and ROS on pulmonary cell function and fate, we hypothesized that hyperoxia causes maldevelopment of lung growth by disrupting the pattern of pulmonary cell growth associated with normal lung development. Specifically, we developed a fetal human lung organ culture model to investigate (a) the morphologic changes induced by hyperoxia and (b) whether hyperoxia resulted in differential cellular responses in the epithelium and interstitium.
METHODS
Tissue culture. Pseudoglandular stage human lungs of 10 to 18 wk of gestation were obtained from the Medical Research Council Tissue Bank, London, UK, and the study was approved by the local research ethics committee. The lungs were dissected into wedge-shaped (2-3 mm 3 ) pieces and embedded in gel-forming medium (300 L) consisting of fetal bovine serum (1 mL, Sigma Chemical Co. Aldrich, Poole, UK), 7.5% NaHCO 3 (0.33 mL), 5ϫ Ham's F12 (2 mL), 0.1 mol/L CaCl 2 (0.1 mL), 1 mmol/L N-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid (HEPES, 0.1 mL), 1 mol/L HCl (0.1 mL), H 2 O (3.5 mL), and 3 mL Vitrogen (Collagen Corp, Palo Alto, CA) at pH 7.4 (15) to produce 10 mL of fresh solution. Embedded lung explants were cultured in 2 mL of organ culture medium in a 5% CO 2 /ambient air, humidified incubator at 37°C. The organ culture medium consisted of: Ham's F12 with 25 mmol/L HEPES (88 mL), penicillin (10,000 U/mL) and streptomycin (10,000 g/mL) solution (1 mL), glutamate 200 mmol/L (1 mL), 1 mol/L NaOH (0.16 mL), and fetal bovine serum (10 mL) at pH 7.4. After 24 h (d 1), Ͼ90% of fetal lung explants were deemed viable because they showed evidence of cell migration into the surrounding matrix. Two randomly selected viable explants were harvested at this stage for immunohistochemistry.
Exposure of explants to hyperoxia. The culture medium was replaced with fresh medium in the remaining viable explants, which were randomly assigned to either 5% CO 2 /ambient air incubator (Normoxia) or in humidified airtight jars (Oxoid, Basingstoke, UK) gassed with a 5% CO 2 /95% O 2 gas mixture for 10 min at 10 L/min (hyperoxia). The gassed airtight jars were maintained at 37°C in a temperature-controlled incubator; internal environment was maintained for as long as 72 h in preliminary experiments (11) . At least one explant was harvested for immunohistochemistry at 48 and 72 h of culture in normoxia (N48, N72) or hyperoxia (H48, H72), fixed in 4% formaldehyde, and embedded in wax paraffin. Further explants were snap frozen at 24 h for vascular endothelial growth factor (VEGF) mRNA detection.
Immunohistochemistry. Wax-embedded explants were used for immunostaining and image analysis. Serial sections (4 m thick) were deparaffinized, and antigens retrieved by boiling in a pressure cooker for 4 min in 10 mmol/L citric acid solution (pH 6.0). Subsequently, the sections were treated with 0.3% H 2 O 2 in methanol, nonspecific binding sites were blocked (Serum-free Protein Block, Dako, Carpinteria, CA) and incubated overnight at 4°C in 0.05% bovine serum albumen/phosphate-buffered saline (PBS) solution with one primary antibody: anti-pancytokeratin (1:200 dilution, Sigma Chemical Co., Aldrich, Poole, UK), anti-CD31 (1:30, cloneJC/70A, Dako), anti-Ki67 (1:100, Pharmingen, San Diego, CA), or anti-activated caspase-3 (1:500, R&D Systems, Oxon, UK). Sections were then incubated with a biotinylated secondary antibody, goat anti-mouse (1:200, Dako), or goat antirabbit (1:400, Sigma Chemical Co.) as appropriate. The antigen of interest was visualized by using the brown chromogen 3,3=-diaminobenzidine. The sections were washed with PBS between each step.
Analysis of fetal lung explant architecture. Mid-depth sections from tissues were examined to ensure comparability between lung explants. All sections were coded to ensure a blind analysis. The sections stained with pancytokeratin were digitally photographed in their entirety at low magnification (ϫ40). Image analysis software was used to measure the total surface area of the section, and the surface area of each individual airway within the section. Using these measurements, the mean airway surface area, the number of airways per unit area and the proportion of the section occupied by airways for each section were derived. High-power digital images from randomly selected fields were used to determine the mean thickness of epithelial cells lining the airways.
Lung sections immunostained with anti-CD31, anti-Ki67, and antiactivated caspase-3 were used to identify endothelial, proliferating, and apoptotic cells, respectively. For each stain, one section was used per time point for a given lung. For each section, eight high-power (ϫ400) digital images were obtained circumferentially at set intervals to prevent unbiased sampling and to allow comparisons of images at similar distances from the surface of the tissue. The images were analyzed to determine (a) the surface area occupied by blood vessels, (b) the mean distance from blood vessels to nearest airway lumen, and (c) the proportion of cells staining positively for Ki67 and activated caspase-3 in total tissue and in the epithelial and interstitial compartments. Cells detached from the airway lining or with unrecognizable morphology staining positively for anti-activated caspase-3 were excluded from analysis.
The data are shown as median Ϯ interquartile ranges. The nonparametric test Wilcoxon signed rank test was used to compare normoxia (N72) and hyperoxia (H72) for 72 h, and multiple comparisons were made by using the nonparametric test, Kruskal-Wallis; p Ͻ 0.05 was considered significant.
Detection of VEGF mRNA. VEGF mRNA was detected by reverse transcriptase polymerase chain reaction (RT-PCR) as previously described in three fetal lung explants cultured in normoxia and hyperoxia for 24 h (16). To enable comparison between experiments, normoxia was designated 100% in each experiment and the relative intensity is shown for VEGF mRNA detected in explants exposed to hyperoxia. ␤-actin mRNA was shown to be similarly expressed in all experiments.
RESULTS

Morphologic changes associated with hyperoxia.
The microscopic appearance of d 1 fetal lung tissue was similar to pseudoglandular stage lung tissue, showing large numbers of columnar, epithelium-lined, tubular air spaces, branching and developing alongside pulmonary blood vessels in an overall framework of poorly differentiated interstitium (Fig. 1A) . Explants cultured in normoxia for a further 72 h appeared similar to d 1 cultures and freshly isolated pseudoglandular tissue, except that some peripheral airways were dilated and the epithelium was more cuboidal (Fig. 1B) . In the hyperoxiaexposed lungs, the airways were much larger and the epithelial cells appeared flattened within the dilated airways when compared with normoxia-exposed tissue (Fig. 1C) . The blood vessels stained with CD31 in the normoxia-exposed explants had a plexiform appearance, similar to the vascular morphology of pseudoglandular uncultured tissue ( Fig. 2A ). In contrast, there was a decreased number of vessels in hyperoxiaexposed explants, and where they were present, the vessels were linear, lining the dilated airways (Fig. 2B) .
Image analysis of lung explants exposed to hyperoxia. Morphometric analysis was performed on six complete experiments. The cross-sectional surface area of the airways was largely similar to that of the explants cultured for up to 72 h in normoxia and day 1 tissues (Fig. 3A) . This is more clearly shown in Figure 3B , which shows the cumulative airway size pooled for all lungs studied. In contrast, the median airway cross-sectional area of the explants exposed to hyperoxia was increased at 48 h and was further increased at 72 h (all p Ͻ 0.05 when hyperoxic tissue compared with corresponding normoxic tissue or d 1 samples) (Fig. 3A) . These enlarged airways in the hyperoxic explants at 72 h were lined with thinner epithelial walls [mean epithelial thickness 6.4 m [interquartile range (IQR), 6 -7] . VEGF mRNA determined in three explants by RT-PCR was decreased in explants exposed to hyperoxia when compared with normoxia-exposed explants (Fig. 4) .
Cell proliferation and apoptosis indices in cultured fetal lung explants. The nuclear antigen Ki67 was used to determine the cell proliferation index (n ϭ 6). Positively staining cells were noted in both epithelium and interstitium in d 1 samples (Fig. 5A) . In contrast, normoxia-and hyperoxiacultured tissue appeared to have less positive staining for Ki67 in the interstitium (Fig. 5B and C) The cell apoptosis index was determined by staining for activated caspase-3 (n ϭ 6). Activated caspase-3-positive cells were found mostly in the interstitium (Fig. 7) . Significantly more positive staining was noted in the hyperoxic tissues in the interstitium with the least staining observed on d 
DISCUSSION
The main observation of this study is that environmental PO 2 modulates the growth of pseudoglandular stage fetal human lung explants maintained in submersion culture by differentially modulating the growth of pulmonary cells. Between 7 and 17 wk of gestation (pseudoglandular stage), fetal lungs have a glandular appearance and seem to grow in size largely through an increase in cell mass. Their growth is characterized by repeated branching of small-caliber airways within a framework of poorly differentiated interstitium (7), which also supports the development of pulmonary blood vessels. Except for dilatation of some airways at the edge of explants, the architecture of fetal lung explants placed in culture for 72 h at ambient air PO 2 appeared similar to uncultured pseudoglandular stage pulmonary tissue.
In contrast, fetal lung explants cultured for 72 h at ϳ95 kPa PO 2 resembled saccular stage more than pseudoglandular stage lung architecture. In hyperoxia-exposed fetal lung explants, the air spaces were dilated, the epithelium was flattened, and the surface area of the interstitial compartment was decreased. There was also a pronounced reduction in blood vessel volume and a significantly decreased distance between the airways and pulmonary blood vessels. These observations were not due to an increased number of airways per surface area in the hyperoxic tissues.
Oxygen modulation of cultured fetal lung architecture is likely to involve the same processes that modulate normal lung development such as cellular apoptosis, proliferation, differentiation, and changes in cell function. The significantly decreased interstitial compartment in hyperoxia-exposed explants may be explained by the higher apoptotic index in the interstitial cells in hyperoxia-exposed tissue because the proliferation index in this compartment was similar in the air-and oxygen-exposed tissues. As might be expected, dilatation of airways in hyperoxia-exposed tissue was associated with an increase surface area of the airway epithelial cell compartment. However, changes in cell proliferation and apoptosis may only partly account for the increased surface area of the epithelial cell compartment in hyperoxic explants. Another possible explanation is an increase in the actual size of the epithelial cells. The airway epithelium differentiated from columnar in d 1 explants to cuboidal in N72 explants and to flattened cells in hyperoxia-exposed airways. Explant culture has previously been shown to result in accelerated maturation of the epithelium to type II pneumocytes (17) , and the change to cuboidal morphology in the normoxic explants reflects this change. The further thinning of the cells to hyperoxia is analogous to development of type I cells, which are known to have a greater surface area than cuboidal cells. Alternatively, the changes observed may be due other factors such as increased secretion of intraluminal fluid induced by hyperoxia resulting in enlargement of the airways and thinning of the epithelium (18, 19) .
This study is subject to several limitations. Estimation the relative role of apoptosis and proliferation in modulating the architecture of cultured fetal lung tissue exposed to high PO 2 is difficult. The apoptosis indices for cultured fetal lungs reported in the present study are similar to those reported for cultured fetal lung tissue by Scavo et al. (20) . However, to accurately estimate the loss in cell mass in fetal lungs tissue over time, it is necessary to determine the apoptotic cell clearance rate in addition to the apoptotic cell index. Thus, it is possible that differences in the apoptosis indices in d 1 normoxia-exposed and hyperoxia-exposed fetal lung explants may be due to differences in the clearance rate of apoptotic cells. In addition, the cell proliferation index may not accurately measure changes in cell mass. We used Ki67 as a marker of cell proliferation (21) . This nuclear antigen is expressed during all phases of the cell cycle except G0 (22) . Thus, it is possible that cells positively staining for this antigen had not divided but were arrested in another phase of 386 the cell cycle. Finally, although fetal tissues are exposed to lower oxygen tensions in utero, we opted to study fetal lung explants exposed to normoxia and hyperoxia because we were interested in the morphologic changes that occur when fetal lungs were exposed to postnatal life. We are aware of the range of gestational ages of the tissues studied, but are clearly limited by the availability of tissues.
The effects of hyperoxia in other reported studies appear to be dependent on the methodology used. Human and other animal studies suggest that cellular proliferation decreases in the interstitium but increases in the epithelium as gestation progresses. Hyperoxia exposure appears to decrease pulmonary cell proliferation rates in premature baboons and term mice in vivo (23, 24) , but, in contrast, explants from term rats cultured in serum-free conditions exhibit no alteration in epithelial proliferation, and interstitial proliferation rates are increased with hyperoxia (25) . Explant cultures are likely to differ from in vivo experiments in which blood inflammatory cells are likely to influence the outcomes.
The presence of serum in explant culture is not universally used. The hormones in serum-supplemented media have been shown to promote type II cell maturation during culture (26) , and in the absence of serum-related factors, the natural pathway for cells to take is that of apoptosis (27) . This may explain the regression of interstitium seen in other models, which have relied on serum-free media when culture has occurred in 21% oxygen (20,28 -30) .
Culture of fetal human explants facilitates the study of lung in a blood-free system, allowing one to focus on the effects of local oxygen tension rather than systemic responses to hyperoxia and inflammation. The diffusion of oxygen through tissue follows a gradient, implying the surface of the specimens has a higher tension than within the core of the tissue (31) . This phenomenon is difficult to eradicate in organ culture systems but also exists to a lesser degree in the developing in vivo lung. For this reason, we elected to compare high-power fields from the edge of the tissue circumferences, enabling valid comparisons between hyperoxic and normoxic environments.
Despite the study limitations, the architectural changes associated with culture in hyperoxic conditions were consistent, marked, and unequivocally linked to oxygen partial pressure. Whether the increase in inspired oxygen partial pressure after birth initiates changes in lung architecture in term and preterm neonates is not known. Evidence from studies performed in vitro shows that cell growth and death are regulated by (de-)activation of oxygen-sensitive proteins and genes. These include some members of the cyclindependent kinase family of cell-cycle regulatory proteins (32) and hypoxia-inducible factor 1 (33) . Additional factors such as heme oxygenase-1 (34) are known to regulate activation of signal transduction pathways linked with cell proliferation and cell cycle arrest. As expected, VEGF mRNA decreased with hyperoxia exposure of the explants. This hypoxia-inducible growth factor is thought to play a role in vascularization of the embryonic lung (35) , and expression has been shown to be regulated by oxygen tension in both newborn lung (36) and explant cultures (37) . Absence of VEGF may provide an explanation for the "pruning" of vessels in the hyperoxiaexposed interstitium.
Other studies have shown that changes in oxygen partial pressure can also modulate the activity of genes and proteins that control cell function, including ion channels that control secretion of water out of cells (18, 19) . Activation and/or increased expression of such ion channels may be relevant to the present fetal organ culture model because airway dilatation in hyperoxia-exposed explants may also involve secretion of fluid into airway lumina. Investigating the activation and expression of oxygen-sensitive genes and proteins may provide some understanding of the molecular mechanisms by which changes in PO 2 lead to changes in the growth and function of cells in pseudoglandular stage cultured fetal human lungs explants. We plan to investigate these mechanisms in future experiments together with the effect of therapeutic interventions.
In summary, this study has demonstrated that exposure of fetal human lung explants to hyperoxia resulted in enlarged airways, a reduction of the interstitial compartment, decreased pulmonary blood vessels, a significantly smaller distance between airways and pulmonary blood vessels, and a flatter airway epithelium. These observations may largely be explained by differential apoptotic and proliferative responses between the epithelium and the interstitium to changes in environmental oxygen tensions.
